Introduction
Quasicrystals are known as the third state of the solid mater, after the classical crystal and amorphous materials. The quasicrystalline (QC) state was discovered, for the first time, in rapidly solidified Al--Mn alloy by Shechtman et al. in 1984 [1] . Since then, a number of quasicrystals have been found in several binary, ternary and multicomponent alloy systems and characterized mainly by XRD. Among them, the formation of icosahedral quasicrystalline phase (i-phase) in ternary Al--Cu--Fe alloy prepared by rapid quenching, conventional solidification or mechanical alloying process has been investigated in detail by many researchers [2] [3] [4] [5] [6] [7] . Quasicrystals exhibit interesting physical, mechanical and chemical properties which are quite different to the properties of the conventional crystalline state. However, the combinations of excellent physical and mechanical properties make them the potential materials for catalyst and coating application. It should be noted that in many studies the formation of i-phase was confirmed by only X-ray diffractometry (XRD) technique. However, in order to investigate the phase transformation, thermal stability and structural characteristics of QC alloys in more detailed, scanning electron microscopy (SEM) and differential thermal analysis (DTA) should be required. In the present study, microstructural characteristics, morphological features and thermal behaviour of the rapidly solidified Al 70 12 were prepared by induction melting mixtures of high-purity Al (99.99%), Cu (99.9%) and Fe (99.9%) under an argon (Ar) atmosphere using graphite crucibles. The compositions are given in nominal atomic percent. The ingots were re-melted several times to ensure homogeneous mixing. The master ingots were cut into suitably shaped pieces for the rapid solidification. Rapidly solidified ribbons were prepared by the single roller melt-spinning technique with a copper wheel (20 cm diameter) surface velocity of 20 m/s under Ar atmosphere using boron nitride (BN) nozzle. Melt-spun ribbons were typically 2 to 4 mm wide and 20-30 mm thick. The microstructures and phase identification of melt-spun ribbons were examined with X-ray diffraction (XRD) and scanning electron microscopy (SEM). The XRD examination was performed by a Philips X'Pert PRO X-ray diffractometer using CuK a radiation with the wavelength of 0.154 nm. For phase identification, measurements were scanned for a wide range of diffraction angles (2q) ranging from 20 to 120 with a scan rate of 0.02 /s at 40 kV and 30 mA. SEM analysis was performed with a JEOL JSM 5400 scanning electron microscope at an acceleration voltage of 15 kV after the specimen was coated with a vacuum-deposited gold layer in order to enhanced contrast. The thermal behaviour of the melt-spun ribbons were analysed by differential thermal analysis (DTA) using a Perkin-Elmer's Diamond TG/ DTA thermal analyser between 400 C and 1200 C with a heating rate of 20 C/min under flowing nitrogen (N 2 ).
Results and discussion Figure 1 shows the X-ray diffraction patterns as a function of diffraction angle for the rapidly solidified Al--Cu--Fe alloys. The melt-spun Al 70 Cu 20 Fe 10 alloy was observed to be composed of mainly two phases. These two phases were distinguished in the XRD pattern (Fig. 1a) , namely the icosahedral quasicrystalline phase (i-phase) and the tetragonal Al 2 Cu phase (q-phase). The intensity of the peaks corresponding to i-phase is specifically higher than the peaks related to q-phase. In addition, the peaks indexed with i-phase in all the samples are dominant peaks because of existing greater amount in the structure. It has been previously reported that the amount of the i-phase depends on the Al/(Cu þ Fe) ratio [8] . Thus, at the lower value of this ratio, b-phase can be observed in the structure. This observation is consistent with the present results. The XRD results of rapidly solidified Al--Cu--Fe alloy are in good agreement with the literature [2, 9] . With the aim of examining the compositional dependence of the microstructure for rapidly solidified Al--Cu--Fe alloys in more detail, the alloys were also examined by SEM. Figure 2 Fig. 2a and c. The grain sizes of these QC particles are approximately ranging from 1 to 5 mm. However, for the Al 65 Cu 20 Fe 15 alloy, it is seen that the QC particles are in the star-shape dendritic formations. The icosahedral quasicrystal particles in the star-shape dendritic for conventionally and rapidly solidified Al--Cu--Fe alloys have been previously reported [10, 11] . Hence, these morphology results are similar with the observed in the previous studies [5, 11] . The present result emphasized that slight change of the compositions would cause a significant difference in the microstructural evolution during metallurgical processing. On the other hand, when compared to the SEM micrographs of conventionally solidified Al--Cu--Fe alloys, the grain sizes of QC particles in melt-spun samples are relatively smaller [12] . This means that the scale of the microstructure decreases with increasing cooling rate due to reduced solidification time and large undercooling prior to solidification. However, in a number of other alloy systems, for example, the rapid solidification of QC-forming Al--Cu--Fe alloys also leads to reduced grain size as compared to slower cooling rates in conventional solidification techniques. Moreover, the rapidly solidified Al-based amorphous alloys composed of grains smaller than about 50 nm. It is thought that observation of relatively larger grains might be associated with the interfacial surface free energy of QC-forming melts. Thus, easier nucleation could lead to faster growth if grains appear at a slightly higher temperature during the rapid solidification process. Figure 3 C and 740 C, respectively [9] . Thus, it is clear that the endothermic peaks at around 590 C and 760 C correspond to the melting of the q-phase and w-phase. The peritectic melting of w-phase continues up to endothermic effect around 1000 C where the alloy is totally melted. This DTA result is quite similar to the earlier reported study by Faudot et al. [9] . On the other hand, DTA curves of the In order to identify the phase corresponding to the exothermic peak at around 460 C, the melt-spun Al 70 Cu 20 Fe 10 alloy annealed at the temperature 500 C, which corresponding to the end temperature of the exothermic effect. Then the annealed sample was investigated in DTA and XRD. The DTA and XRD results from the sample after annealed at 500 C are shown in Figs. 4 and 5, respectively. As shown in Fig. 4 , after annealing at 500 C, the exothermic peak around 450 C disappeared and DTA trace shows three endothermic peaks. The peak temperatures of these endotherms were almost same as the corresponding value in the as-melt-spun alloy. Thus, this indicated that the endotherms were not affected by the heat treatment. served after the heat treatment at 500 C. This result implies that, at near 460 C, the i-phase reacted with q-phase to form w-phase. This result is consistent with XRD observations in Fig. 5 where no i-phase was observed. This is also supported with DTA experiment in Figs. 3 
Conclusions
In the present study, the formation of icosahedral quasicrystalline phase (i-phase) in rapidly solidified Al--Cu--Fe alloys was investigated and the results were summarized as follows. 10 alloy showed one exothermic peak at around 460 C and three endothermic peaks at around 590, 760 and 1000 C respectively. The exothermic peak at around 460 C corresponded to the formation of the w-phase. The other three endothermic peaks at around 590, 760 and 1000 C corresponded to the melting of the q-phase, w-phase and b-phase. Above 1000 C, the alloy was totally melted.
DTA curve of the Al 65 Cu 20 Fe 15 and Al 63 Cu 25 Fe 12 alloys showed two endothermic peaks at around 890 C and 1000 C. The first endothermic peak corresponded to the decomposition of the i-phase. The second endothermic peak at around 1000 C corresponded to the melting of the b-phase.
